Competent Haemophilus influenzae bacteria were exposed to purified phage HP1 DNA and then plated for transfectants (PFU). When 32% (final concentration) glycerol was added before plating, between 10and 100-fold more transfectants were observed. Glycerol had no significant effect on transfection with DNA from single or tandem double lysogens. It also had little effect on transformation with chromosomal DNA or on transformation of defective HP1 lysogens with phage HP1 DNA. It was concluded that glycerol induced the release of adsorbed linear double-stranded DNA into the interior of the cells.
MATERIALS AND METHODS H. influenzae strains. H. influenzae strains were derived from strain BC200 (3), except for strain Rd262 strAl (HPldlll), which carries the defective prophage alpha (19) as well as a defective HP1 prophage. Strain Rd1388 strAl recAl was derived from strain Rd1287 strAl; the recAl mutation was given to me by Jane Setlow (her rec-l DB117; reference 18).
Bacteriophage. Haemophilus phage HP1 was obtained from Claude Rupert (9) . The lysogenic strain RdlO21 strAl (HP1+) was grown in 100 ml of supplemented Difco Laboratories brain heart infusion (BHI) until there were 5 x 108 cells per ml. Ten-milliliter aliquots were exposed to 60 J of UV radiation per m2 while being swirled gently in a 9-cm (diameter) dish. Pooled aliquots were made 5 mM with respect to MgC12 and shaken vigorously in a 37°C water bath for 100 min. Unlysed cells and cell debris were spun down at 17 ,000 x g. The supernatant was incubated with 10 ,ug of pancreatic DNase per ml for 15 min at 37°C. Phage was then collected by 90 min of centrifugation at 100,000 x g. The pellet was suspended in 40 mM Tris acetate buffer at pH 8.0 containing 1 mM EDTA. It was incubated for 120 min at 37°C with 10 ,ug of RNase Ti per ml, after which it was extracted with freshly distilled phenol (equilibrated at pH 8), and the DNA was precipitated twice with ethanol from solutions containing 0.3 M sodium acetate. The DNA was finally dissolved in 5 ml of water and kept at 4°C. The solution did not contain measurable amounts of strAl transforming activity (less than 1,000 transforming units per ml). The DNA concentration was about 1 ,ug/ml. Fitzmaurice et al. (6) have reported that phage HPlcl DNA has complementary single-stranded ends that are 7 bases long. All DNA samples to be studied were, therefore, routinely heated in 0.1 M NaCI-1 mM EDTA (pH 8.0) for 10 min at 70°C to ensure that they did not contain spontaneously formed circular or dimeric molecules (4).
Media. Broth was 3% Difco BHI supplemented with 10 ,ug each of hemin chloride and NAD per ml. Hard agar was supplemented BHI with 1.3% agar; soft agar contained 0.7% agar.
Crude DNA lysates. Crude DNA lysates were made by adding 0.02 ml of lysing solution (0.1 M NaCl, 1 mM EDTA, 1% sodium dodecyl sulfate, 0.1% pronase [pH 7.0]) to 0.2 ml of fresh stationary culture in supplemented BHI (2 x 109 cells per ml) and incubating this for 1 to 3 h at 42°C. Five milliliters of 0.1 M NaCl-1 mM EDTA was then added, and 0.05 ml was mixed with 1 ml of competent cells.
DNA uptake. Competent cells were made as previously described (20) by growing 10-ml samples in Levinthal broth (1 volume of BHI, 3 volumes of BBL Microbiology Systems Eugonbroth supplemented with 10 ,ug of both NAD and hemin) to a cell density of about 109/ml. The suspension was then transferred to a 9-mm tube and incubated at 37°C for 90 min, after which it was diluted 11 times in 0.1 M NaCI-3 mM MgCl2 and shaken gently at 30°C for 60 min. To 1.0 ml of cells (roughly 2.2 x 108/ml) was added DNA in a solution containing 1 mM EDTA. The suspensions were gently swirled at 30°C for 30 min and then plated.
RESULTS
Effect of DNA uptake temperature on transfection. Crude DNA lysates from strains RdlO21 strAl (HP1+) and Rd1633 strAl (HP1+ HP1+) (tandem double lysogen) were added to competent cells of strain Rd1270 novAB hex-i (novobiocin resistant; mismatch repair deficient) and shaken gently for 20 min at various temperatures in a water bath. Cells were also mixed with 0.001 p,g of phage HP1 DNA per ml and shaken at these temperatures. To one half of each suspension I added 32% (final concentration) glycerol and let it stand for 5 min at room temperature. Transfectants were scored as PFU, and transformants were counted as Str' colonies.
There was a small temperature effect on transfection with pure phage DNA (Table 1 ). There was little temperature effect on transformation. However, a surprisingly large effect was seen on transfection with DNA from lysogens. Glycerol greatly increased transfection with pure phage DNA, but it lowered both transformation and transfection with DNA from lysogens (Table 1 ). Because temperature appeared to have little effect on transfection with phage DNA, I selected 30°C as the routine DNA uptake temperature. Dose response of HP1 DNA transfection. One-tenth milliliter of serially diluted HP1 DNA was added to 1.0 ml of competent cells of strains Rd1270 novAB hex-i, Rd1388 strAl recAl, and Rd262 strAl (HPldlll) (defective lysogen; to be transformed to wild-type lysogen; 22). DNA uptake was at 30°C for 30 min. To one half of each suspension I added 32% (final concentration) glycerol before plating. I observed essentially a linear dose response with recipient Rd262 (Fig. 1 , panel C; to be expected, because that is a transformation phenomenon; 22). A linear response was also observed with recipient Rd1388 recAl, which cannot perform recombination (panel B). Recipient Rd1270 rec+ gave a dose-response curve with a slope of about 1.2 (panel A); this observation indicates that some adsorbed and damaged phage DNA molecules had been recombined into active forms. Boling et al. (4) have also reported observing a linear dose response. Unexpected was the observation that Rd1388 recAl was more efficiently transfected than Rd1270 rec+ hex-l. Pretreatment with glycerol increased transfection (panels A and B) nearly 100 times at the lower concentrations, whereas transformation (panel C) was lowered by 50%. The reduced transfection at the highest DNA concentrations after glycerol pretreatment may be explained by the observations of Setlow et al. (18) that infection of Rd cells with more than one phage per cell drastically lowers the yield. DNA saturation appeared to have begun at 0.01 to 0.03 ,ug/ml (between one and three DNA molecules per competent cell) ( Fig. 1) . These experiments are evidence that glycerol induces the release of phage HP1 DNA from the transformasomes just as it induces the release of adsorbed plasmid DNA (Stuy and Walter, in press). Transfection of untreated cells is then explained by assuming that a very small fraction of adsorbed phage DNA spontaneously leaks out of the transformasomes.
Glycerol induces release of linear double-stranded monomeric phage DNA molecules. I have recently concluded (Stuy and Walter, in press) that glycerol increased plasmid transformation by inducing plasmid release (leakage) from the transformasomes as intact double-stranded replicons. Release of linear double-stranded DNA molecules was not obvious in that study. It was thus possible that, in this study, glycerol caused the exclusive release of covalently closed double-stranded phage HP1 DNA molecules that were present in the DNA sample studied. To test for this possibility, I heated DNA samples in 1 mM EDTA (pH 8.0) for 10 min at various temperatures and measured the surviving activities. Heating to 60°C drastically reduced transfection activity of both untreated and glycerol-treated suspensions ( Table 2) . Transformation of Rd262 (HPldlll) to wild-type lysogens was also greatly reduced ( Table 2 , footnote b). These observations indicate that the DNA sample used did not contain covalently closed circular molecules, because those molecules should have survived heating. The glycerol-induced increase of transfecting activity is, therefore, due to release of linear phage DNA molecules from the transformasomes.
Glycerol-induced early expression of adsorbed phage DNA. Glycerol-treated recipient cells always produced plaques that were clearer, more homogeneous, and larger than those produced by untreated cells. This suggested that glycerol induced the immediate release of intact duplex phage DNA molecules from the transformasomes and that this led to earlier phage production. In the untreated suspensions, intact phage DNA was believed to leak gradually out of the transformasomes. To test this speculation, I added phage DNA at 0.001 ,g/ml of cells to recipient Rd1388 recAl, and after 20 min of DNA uptake I added glycerol to one half of the suspension. After 5 min at room temperature, both suspensions were diluted 100 times in broth and then shaken at 37°C. I plated aliquots for free phage PFU using Rd1388 as indicator cells. The glycerol-treated suspension gave 23 times more transfectants (at time zero); therefore, I divided all values obtained for this suspension by 23 before plotting them (Fig. 2) . In the glycerol-treated suspension, free phage started to increase after 45 min, whereas this occurred some 20 min later in the untreated suspension. Phage HP1 infection under these conditions always gave an eclipse period of 40 min (Fig. 2, dotted line) .
DISCUSSION
It has been reported recently that exposure of competent H. influenzae cells to glycerol after uptake of plasmid DNA resulted in 100-fold-higher plasmid transformation (Stuy and Walter, in press). The conclusion was made that this effect was caused by the release of intact plasmid DNA molecules from the transformasomes into which these molecules had been moved after uptake (see reference 14 for a review). It was not clear from my study whether linear DNA was also released as double-stranded molecules. That question now appears to be answered in the affirmative. Glycerol treatment of cells after adsorption of phage HP1 DNA results in dramatically increased numbers of transfectants. As in the case of plasmid transfer, this release appears to be immediate, because glycerol-treated suspensions produce phage some 20 min earlier than in control suspensions (Fig. 2 ). Table 3 what is known about phage HP1 DNA transfection (for an extensive review, see reference 15). Line 1 shows that H. influenzae Rd-generated phage infects strain Rd recAl but not H. parainfluenzae or H. parahaemolyticus, because these strains are resistant.
Phage infection can produce both double lysogens and prophage transformants upon infection of defective lysogens (28, 29) .
DNA from phage HP1 transfects both rec+ and recrecipients (Table 3, line 2); transfection thus does not require any recombination event (already reported by Notani et al. [16] ). Phage DNA also transfects H. parainfluenzae, and it transforms defective lysogens to wild-type lysogens (22) . According to the transformasome hypothesis (reviewed in reference 14), phage DNA molecules, like all adsorbed double-stranded DNA molecules, are released from transformasomes as incomplete single strands. Only after recombination of two or more of such phage DNA fragments followed by fill-in repair DNA synthesis into an intact phage DNA genome can phage production ensue. This process would result in dose-response curves with slopes of 2 or more and could not occur in recAl recipients. I observed a slope of 1 for HP1 DNA transfection (Fig. 1 ). Because the origin of HP1 DNA duplication is near the center of the DNA molecule (23), the release of complete single phage DNA strands also cannot lead to phage propagation. My conclusion is, therefore, that a small fraction of adsorbed phage DNA duplex molecules is not normally processed into single strands upon release from the transformasomes. Instead, they escape this processing, a phenomenon I call leakage. Glycerol, then, induces increased leakage of duplex DNA molecules from transformasomes. It is pointed out here that even then the majority of adsorbed phage DNA molecules do not give transfection. The efficiency of phage DNA transfection thus reflects, in my view, the extent of leakage of intact DNA duplexes rather than the extent of DNA damage. This leakage apparently also occurs in H. parainfluenzae.
DNA from Rd single lysogens transfects rec+ but not recAl recipients (Table 3 , line 3) (17, 27) . The explanation is that DNA fragments, carrying a phage genome, flanked by chromosomal DNA, and released from the transformasomes as single strands, synapse with the bacterial chromosome in such a way that the phage genome is looped out as a single strand (27) . RecAl recipients are incapable of doing this. Upon integration and duplication, the (now chromosomal) prophage is induced, and phage production ensues (27) . The low efficiency of this kind of transfection is thus (mainly) due to the inefficiency of the integration event (26, 30) and not to damage done to the adsorbed DNA. The inability of prophage DNA to transfect H. parainfluenzae is explained by the assumption that the phage genome-flanking regions cannot synapse with the H. parainfluenzae chromosome owing to insufficient homology. Defective Rd lysogens, on the other hand, are efficiently transformed to wild-type lysogens by. single prophage DNA (22) . DNA from tandem double lysogens transfects only rec+ recipients ( Table 3 , line 4); this DNA is, in fact, about 100 times more efficient than single prophage DNA (27) . The reason for this increased efficiency is believed to be that double prophage DNA fragments, released from transformasomes as single strands, can initiate DNA replication in both tandem phage genomes. The result is a partially doublestranded DNA molecule with one complete and one partial genome. A crossover in the (double-stranded) repeat region produces a circular double-stranded phage DNA molecule which is the precursor for phage production (28) . The high transfection efficiency of double prophage DNA is thus determined principally by the frequency of crossover events and not by the protection of at least one of the two phage genomes from DNA depolymerization starting from DNA ends (7) . Rd recAl recipients are not transfected because they cannot carry out such recombination events (10) . Tan (Table 3 , line 6). That observation is understood by assuming that that kind of transfection requires synapsis between prophage DNA and bacterial chromosome (see above) and that the required homology between the phage genome-flanking regions and the bacterial chromosome is not sufficient. This prophage DNA is also inactive on H. parainfluenzae, presumably for the same reason. It efficiently transformed Rd defective lysogens in an earlier study (25) .
In view of the hypothesis forwarded by Barany and Kahn (1), it can be speculated that the exit of transforming DNA from the transformasomes is tightly linked to subsequent recombination events involving the bacterial chromosome and controlled by the homology present between donor DNA and the chromosome (2). One might then expect to observe a different fate of (radioactively labeled) phage HP1 DNA after adsorption by nonlysogens and defective lysogens. In the second case, donor phage DNA is really transforming DNA; it can find homology with the bacterial chromosome. In the former case, donor phage DNA cannot find this homology. However, in a study performed many years ago, I found no differences in the fate of donor phage DNA between those two systems; the phage HP1 donor DNA breakdown products were essentially the same (21, 24) . This fact suggests to me that the release of DNA from the transformasomes may not be tightly linked to the next step in transformation. That speculation may explain why glycerol-induced release of transforming DNA from the transformasomes resulted in only a small reduction in transformation. The prematurely released DNA could still be shunted into the recombination pathway. The H. influenzae rec-2 mutant isolated by Jane Setlow (J.
Mol. Biol. 68:361-378, 1972) was transfected by phage HP1 DNA as efficiently as was wild-type Rd. Glycerol increased transfection frequencies between 20 and 100 times. Chromosomal transformation and transfection with single or double prophage DNA (down by four orders or magnitude) were not affected by glycerol.
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